ABSTRACT. Characterization of defense-related genes is critical for breeding disease-resistant poplar varieties and for better management and control of leaf rust disease. In the present study, full-length cDNAs of five Populus szechuanica defense-related (PsDR) genes, pathogen-related protein 1 (PsPR1), β-1,3-glucanase (PsGns), thaumatin-like protein 1 (PsTLP1), thaumatin-like protein 2 (PsTLP2), and phenylalanine ammonialyase (PsPAL), were cloned from the leaves of P. szechuanica infected with Melampsora larici-populina (MLP). PsPR1 (728 bp), PsGns (1189 bp), PsTLP1 (929 bp), PsTLP2 (885 bp), and PsPAL (2586 bp) were predicted to encode 161, 347, 245, 225, and 711 amino acid residue-containing proteins with isoelectric points of 8. 53, 4.96, 4.51, 7.32, and 5.87, respectively. Moreover, the deduced PsDR proteins displayed more than 90% similarity to proteins from other Populus species. In response to the avirulent isolate, Sb 052 , and the virulent isolate, Th 053 , of MLP, the expression of PsDR genes was rapidly up-regulated in the leaves of P. szechuanica, peaked at 2 or 7 days post-inoculation (dpi), with levels in the incompatible interaction being higher than those in the compatible interaction. Meanwhile, the expression of PsDR genes (except for PsGns) was also differentially up-regulated at 3, 7, or 18 dpi in the petioles of the infected leaves, leaves next to the inoculated leaves, and in the top buds of the infected plants, respectively, compared to that at 0 dpi. These results suggest that these PsDR genes could play distinctive roles in the defense response of poplar against rust infection.
INTRODUCTION
Poplars are extensively cultivated worldwide. During their lifetime, they encounter various biotic stresses imposed by pathogenic fungi, bacteria, viruses, and insects, resulting in unhealthy growth, epidemics, and even death. Poplars have therefore developed diverse and multi-layered defense systems to govern tree health and limit damage (Duplessis et al., 2009 ). These physiological and biochemical defense systems include cell wall thickening, deposition of lignin as a physical barrier, generation of reactive oxygen species, and synthesis of anti-microbial proteins and a wide range of secondary metabolites, such as phenolic derivatives, upon pathogen attack (Rinaldi et al., 2007; Chen et al., 2010) . Pathogenesis-related (PR) proteins play a critical role in plant defense against pest and pathogen attack, as well as, abiotic stress; expression of genes encoding PR-1, PR-2, PR-3, PR-5, PR-6, PR-9, PR-10, PR-12, and PR-14 has been reported in tree species on pathogen infection and abiotic stress (Veluthakkal and Dasgupta, 2010) . PR-1 is believed to be involved in plant defense through a yet unknown mechanism, PR-1 genes have been reported to be differently regulated in different Populus-Melampsora interactions (Miranda et al., 2007; Rinaldi et al., 2007) . The PR-2 family consists of β-1,3-glucanases, which directly hydrolyze β-1,3-glucan in the fungal cell wall, generating oligosaccharide elicitors that enhance host defense response (Klarzynski et al., 2000) . Thaumatinlike proteins (TLP) are classified as members of the PR-5 family, widely distributed in animals, fungi, and plants and extensively studied in plants for their antifungal property (Liu et al., 2010; Wang et al., 2010; Petre et al., 2011) . Phenylalanine ammonia-lyase (PAL), a key enzyme in the phenylpropanoid pathway, plays an important regulatory role in the biosynthesis of all phenylpropanoid products, such as flavonoids, phenylpropanoids, and lignin in plants (Bagal et al., 2012) .
Poplar leaf rust, one of the most serious diseases that affect poplars, caused by the biotrophic rust fungus Melampsora larici-populina (MLP), leads to dramatic economic and ecological losses in poplar plantations, worldwide (Covarelli et al., 2013; Wan et al., 2013) . During the last decades, breeding resistant poplar was considered an effective and environment-friendly approach to control this disease or to alleviate damage caused by it. However, culture practices of monoclonal plantations and directional selection of rust fungus enhanced the rapid breakdown of selected poplar resistances (Pinon and Frey, 2005) . It is, thus, crucial to develop new strategies for controlling this disease. This especially requires a better understanding of the recognition system and the host self-defense mechanisms in the Populus-Melampsora pathosystem (Duplessis et al., 2009; Hacquard et al., 2011) . In this study, five Populus szechuanica defense-related (PsDR) genes were cloned from the leaves of P. szechuanica, a widely distributed species of poplar in China, which is resistant to most strains of MLP. Additionally, the spatio-temporal expression patterns of these PsDR genes were detected in P. szechuanica during the infection process of MLP.
MATERIAL AND METHODS

Treatment and sample materials
P. szechuanica plants (2-3 years old) were collected from the Qinling Mountain of China. The plant cuttings were then potted and grown in a greenhouse for 12 weeks at ~20°-26°C. The MLP urediniospores were multiplicated, collected, dried, and stored as reported earlier (Chen et al., 2014) . MLP isolates Sb 052 (avirulent) and Th 053 (virulent) were inoculated on the leaves of P. szechuanica, which resulted in incompatible and compatible interactions, respectively, between the poplar and the rust fungus. Fully expanded leaves with a leaf plastochron index of 5 to 8 were daubed on their abaxial surface with urediospore suspensions (1-2 mg/mL) of Sb 052 or Th 053 isolates, and the leaves next to the inoculated leaves (NL) were sprayed with tap water. The inoculated plants were placed in a growth chamber with high humidity for 24 h and were subsequently cultured in greenhouse with natural light at ~25°-27°C. To detect the change in PsDR expression in different organs of P. szechuanica after infection with Sb 052 , the petioles (SP), roots (SR), top buds (SB), and the NL were harvested at 0 (used as the control), 3, 7, and 18 days post-inoculation (dpi). To further understand the PsDR expression pattern in the leaves of poplar during the interactions with two MLP isolates, samples of the leaves inoculated with Sb 052 (SL) or Th 053 (TL) and the leaves next to the SL (SNL) or TL (TNL) were harvested at 0 (used as the control), 0.5, 1, 2, 3, 4, 7, and 18 dpi. Samples collected at each time point from three individual plants were pooled, immediately snapfrozen in liquid nitrogen, and stored at -80°C until used for total RNA extraction.
Total RNA extraction and cDNA synthesis Total RNA was extracted from 100-mg samples using the UNIQ-10 Column TRIzol Total RNA Extraction Kit following the manufacturer instructions (Sangon Biotech, Shanghai, China). In order to minimize the variations between individual RNA samples, samples of each organ from three individual plants collected at respective time points were pooled. The quantity and quality of the total RNA was assessed using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) and gel electrophoresis, respectively. For amplification of the 5ʹ-and 3ʹ-end fragments of PsDR, equal amounts of total RNA from SL, collected at each time point, were pooled together and translated into adaptor-ligated cDNA using the SMARTer TM -RACE cDNA Amplification Kit (Clontech, Palo Alto, CA, USA) following the manufacturer recommendations. For the real time-quantitative polymerase chain reaction (RT-qPCR) detection of PsDR expression patterns, 1 mg total RNA from each sample was used to synthesize cDNA by the PrimeScript ® RT Reagent Kit with gDNA Eraser (TaKaRa, Dalian, China) according to the manufacturer instructions.
Rapid amplification of cDNA ends
To clone the P. szechuanica pathogen-related protein 1 (PsPR1), β-1,3-glucanase (PsGns), thaumatin-like protein 1 (PsTLP1), thaumatin-like protein 2 (PsTLP2), and phenylalanine ammonialyase (PsPAL), specific primers (shown in Table 1 ) for rapid amplification of 5'-and 3'-end fragments were designed, based on the sequences in the suppression subtractive hybridization-cDNA library of P. szechuanica infected with MLP, using the premier PRIMER v5.0 software (PREMIER Biosoft International, Palo Alto, CA, USA) (Chen et al., 2014) . Nested PCR was performed on a PTC-200 Programmable Thermal Cycler (MJ Research Inc., Waltham, MA, USA) using TaKaRa Taq TM Hot Start polymerase (TaKaRa); a 50-µL reaction contained 2 µL adaptor-ligated cDNA (in the first-round) or the first-round PCR products diluted 50 times (in the second-round) as template, 5 µL Universal Primer A Mix (in the first-round) or nested universal primer (in the second-round) (supplied in the TaKaRa Taq TM Hot Start polymerase kit), 1 µL gene specific primer 1 (GSP1, 10 µM, for the first-round) or gene specific primer 2 (GSP2, 10 µM, for the second-round), 5 µL 10X PCR buffer, 8 µL dNTP mixture, and 2.5 U TaKaRa Taq Hot Start version (TaKaRa). The PCR conditions for the rapid amplification of cDNA ends (RACE) were as follows: 5 cycles at 94°C for 30 s, 70°C for 30 s, 72°C for 1 min, 5 cycles at 94°C for 30 s, 70°C for 30 s, 72°C for 1 min, 25 cycles at 94°C for 30 s, 68°C for 30 s, and 72°C for 1 min, and a final extension at 72°C for 10 min. The second-round PCR products were separated on a 1.2% agarose gel and purified using the TaKaRa MiniBEST Agarose Gel DNA Extraction Kit (TaKaRa). The PCR products were cloned in a pGEM-T easy vector system (TaKaRa) and transformed into Escherichia coli DH5α competent cells according to the manufacturer instructions. The positive clones were identified by colony PCR and sequenced using M13 forward and reverse primers by Sangon Biotech Company. 
Sequence comparisons and phylogenetic analysis
The vector sequence was removed using the VecScreen tool (http://www.ncbi.nlm.nih. gov/tools/vecscreen/). The full-length sequence of each PsDR was obtained by assembling its 5ʹ-and 3ʹ-end sequences, and was submitted to GenBank. The nucleotide and predicted protein sequences were searched against the plant nucleotide and protein database using BLASTn and BLASTp algorithms (http://www.ncbi.nlm.nih.gov), respectively. The open reading frame was predicted using the ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The deduced protein sequences were further analyzed using InterProScan (http://www.ebi.ac.uk/InterProScan/) and PROSITE (http://au.expasy.org/prosite/) softwares. The physical and chemical parameters were computed using the ProtParam tool (http://web.expasy.org/protparam/) and the signal peptide and transmembrane domain were predicted using the Signal P 4.1 Server (http://www.cbs.dtu. dk/services/SignalP/) and the TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/), respectively. Subsequently, BLASTx was performed against the non-redundant NCBI database, and the secondary structure was analyzed using the SOPMA program (https://npsa-prabi.ibcp. fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html). Multiple alignments of the deduced proteins encoded by the PsDRs with proteins from other plants were performed using the ClustalW software. Phylogenetic trees were constructed using the Molecular Evolutionary Genetics Analysis (MEGA) package 5.0 program, using the neighbor-joining method with 1000 replicates bootstrap analysis to achieve the confidence levels required for the phylogenetic analysis.
Spatio-temporal expression patterns of PsDRs in P. szechuanica infected with MLP
For amplification of specific transcripts by RT-qPCR, specific primers were designed using the premier PRIMER v5.0 software (PREMIER Biosoft International) based on the fulllength sequence of the PsDRs (detailed in Table 2 ). The Populus ubiquitin (Rinaldi et al., 2007) gene was used as an endogenous reference to normalize the amount of total RNA used in each reaction. The RT-qPCRs were performed in an iQ5 TM Real-time PCR system (Bio-Rad, Hercules, CA, USA); the 25-µL mixture contained 2 µL cDNA (five times diluted), 1 µM specific primers for the PsDR or reference gene and the reaction was carried out following the SYBR Green PCR Master Mix Kit manufacturer instructions (TaKaRa). The levels of PsDRs in the organ samples from the different time points were compared to those observed on 0 dpi, using the Delta-Delta Comparative Threshold method (Livak and Schmittgen, 2001) , to determine the relative expression. 
RESULTS
Cloning of five PsDR genes
The full-length sequences of PsPR1, PsGns, PsTLP1, PsTLP2, and PsPAL were cloned from the leaves of P. szechuanica infected with MLP. The 5ʹ-RACE and 3ʹ-RACE of the five PsDRs was performed using the adaptor-ligated cDNA, which was reverse-transcribed from the total RNA extracted from the MLP infected P. szechuanica leaves (SL) at 1, 2, 3, 4, and 7 dpi (Figure 1) . Each full-length cDNA sequence (GenBank accession Nos. KP109917, KP109918, KP109919, KP109920, and KP109921) was obtained by assembling the sequences of the 5ʹ-and 3ʹ-cDNA end fragments.
Sequence analysis of PsDR genes
Nucleotide sequence of each PsDR consisted of an untranslated region (UTR), a poly(A) tail, a eukaryotic initiator codon (ATG), and the typical polyadenylation signal sequence (AATAAA) at the 3'-UTR. The full-length cDNAs of the PsPR1, PsGns, PsTLP1, PsTLP2, and PsPAL were 728, 1189, 929, 885, and 2586 bp long, including full-length open reading frames encoding 161, 347, 245, 225, and 711 amino acids (aa), respectively (Table 3) . The predicted molecular weights of the deduced proteins encoded by PsPR1, PsGns, PsTLP1, PsTLP2, and PsPAL were 25.4, 24.8, 17.4, 77.7, and 37 .4 kDa, with the theoretical isoelectric point (pI) at 8. 53, 4.96, 4.51, 7.32, and 5.87, respectively (Table 3) . SignalP was identified in all the deduced PsDR proteins except for the PsPAL; the cleavage site was between amino acid position (pos.) 25 and 26, 34 and 35, 23 and 24, 25 and 26 in PsPR1, PsGns, PsTLP1, and PsTLP2, respectively. A transmembrane domain was predicted in the deduced PsPR1, PsGns, and PsTLP1 but not in PsTLP2 and PsPAL, indicating that PsTLP2 and PsPAL might be extracellular secreted proteins. Several phosphorylation sites were predicted in the deduced PsDRs. The observed secondary structures are shown in Table 4 . 
Structural characterization of deduced proteins encoded by the PsDR genes
The deduced protein encoded by PsPR1 belonged to the sterol carrier protein (SCP) superfamily, and contained the SCP_PR-1_like domain and the domains of cysteine-rich secretory proteins antigen 5 and PR-1 (CAP). It contained six highly conserved cysteine residues and a conserved C[R/G]HYTQVVWRxS[V/A]RxGC motif (van Loon and Van Strien, 1999 ; Figures 2  and S1 ). The deduced protein encoded by PsGns belonged to the Glyco-hydro-17 superfamily (Figure S1 ), whereas those encoded by PsTLP1 and PsTLP2 belonged to the typical PR-protein GH64-TLP-SF superfamily, members of which contain the conserved TLP-PA and THN domains and a thaumatin family signature (PS00316; G- Figures 3 and S1) . Moreover, PsTLPs shared 15 of the 16 conserved cysteine residues, with only one cysteine difference at the conserved positions between PsTLP1 (at pos. 150) and PsTLP2 (at pos. 141). The basic electronegative/electropositive cleft region and a conserved REDDD motif were identified in the PsTLPs, and a predicted IgE-binding epitope region was found in PsTLP1 (Figure 3 ). In addition, PsPAL belonged to the Lyase_I_like superfamily, which contains a phenylalanine/histidine ammonia-lyase (PAL-HAL) domain (active sites), a tetramer interface (polypeptide binding site), as well as a conserved PAL protein finger motif (GTITASGDLVPLSYIAG), which is a typical tag of PAL-HAL domain (Figures 4 and S1) . 
BLASTp analysis of PsDRs and phylogenetic tree construction
The five PsDRs showed more than 90% identity with proteins from the Populus species. In the phylogenetic trees, the deduced proteins PsPR1, PsGns, and PsPAL were grouped with PR1, Gns, and PAL proteins, respectively, from Populus species as a clade, suggesting that PR1, Gns, and PAL proteins are highly conserved in Populus (Figures S2, S3, and S4) . Moreover, PsPR1 showed 77% similarity to Theobroma cacao PR1, 70% similarity to Arabidopsis thaliana and Vitis vinifera PR1, PsGns showed 69, 65, and 62% similarity to Fragaria x ananassa, Pyrus pyrifolia, and Hevea brasiliensis Gns, respectively. PsPAL showed about 85% similarity to Pyrus communis, Robinia pseudoacacia, and Nicotiana attenuata PAL. PsTLP1 was grouped together with the proteins encoded by TcTLP, PrTLP, PbTLP, and PpTLP, and showed 71% similarity to T. cacao TLP1 and 63% to Pyrus pyrifolia and Prunus persica TLP1, whereas PsTLP2, clustered with PtoTLP, AcTLP, FaTLP, and HbTLP in another group ( Figure 5 ) and showed 79, 77, and 69% similarity to Actinidia chinensis, Fragaria x ananassa and H. brasiliensis TLP2, respectively. 
PsDR gene expression patterns in different organs of P. szechuanica induced by avirulent isolate of MLP
In order to evaluate the behavior of PsDR genes in the organs of poplar induced by rust fungi, the dynamics of the change in PsDR expression was determined in different organs of P. szechuanica inoculated with the avirulent isolate Sb 052 . In this incompatible interaction, the expression level of PsPAL and PsPR1 genes in the leaves and petioles was obviously upregulated ~18-22-fold and ~20-25-fold at 7 dpi compared with the levels on 0 dpi, respectively. PsPR1 expression increased by 24-fold and 7-fold at 3 dpi in SP and SB, respectively, and then returned to the level of that at 0 dpi in all organs (except SL). However, the PsPAL expression remained high in leaves (7-fold), petioles (15-fold), and NL (18-fold) at 18 dpi. The expression of PsGns and PsTLP1 was almost the same as that in uninduced state in SP, SB, and SR, but was dramatically up-regulated in SL at 7 dpi with 294-fold and 88-fold increases, respectively. In addition, the expression of PsTLP2 was up-regulated 25-, 18-, 34-, 73-, and 24-fold at 3, 3, 7, 7, and 7 dpi, respectively, in all the organs (SL, NL, SP, SB, and SR; Figure 6 ) and was the highest.
On the whole, the PsDR expression levels were differentially increased at 3, 7, or 18 dpi compared to that on 0 dpi in the different organs of poplar infected with the rust fungus ( Figure 6 ). Expression levels of PsPR1, PsTLP2, and PsPAL were dramatically up-regulated in both SP and SL. PsTLP2 and PsPAL were also dramatically up-regulated in SB and NL of infected plants at 7 and 18 dpi, respectively. However, the expression levels of PsPR1, PsGns, PsTLP1, and PsPAL in the SR seemed to be either unaffected or repressed by the MLP infection.
PsDR gene expression patterns in poplar leaves of incompatible and compatible interaction between P. szechuanica and M. larici-populina
Relative expression levels of the five PsDR genes were further examined at more time points in the P. szechuanica leaves in response to the MLP isolates Sb 052 and Th 053 . Expression levels of these genes were rapidly up-regulated at 0.5 dpi in both the interactions. Expression levels of PsPR1 and PsTLP1 at 0.5 dpi were higher in the incompatible interaction than the compatible interaction. The expression levels of PsPR1 and PsPAL peaked at 2 dpi, and were higher (38-and 26-fold) in the incompatible interaction than in the compatible interaction (14-and 8-fold). However, the second expression of PsPR1 (at 4 dpi) in incompatible interaction peaked earlier than in the compatible interaction (at 7 dpi), whereas PsPAL showed a second peak of expression at 7 dpi in both the interactions. The expression levels of PsGns and PsTLP1 also reached a second peak at 7 dpi in the incompatible (294-and 88-fold) and the compatible (133-and 13-fold) interactions. The expression of PsTLP2 gene peaked earlier and was higher (at 4 dpi with 35-fold) in the incompatible interaction compared to that in the compatible interaction (at 7 dpi with 22-fold). In addition, the expression patterns of PsDR genes in SNL and TNL were similar to that in the SL and TL, respectively, albeit with very low expression levels, except for PsTLP2 at 3 dpi (18-fold increase) in SNL (Figure 7) . 
DISCUSSION
In the present study, five PsDR genes were cloned and their spatio-temporal expression patterns in different organs of P. szechuanica, with or without infection with M. larici-populina, were analyzed. The deduced protein encoded by PsPR1 contained a signal sequence of 25 aa residues, which was similar to most of the PR1 (with a ~24-26-aa signal sequence), and six conserved cysteine residues that usually form disulfide bonds (Fernández et al., 1997) were also found in PsPR1. PsPR1 with pI 8.5 was classified into the basic-type PR1, the major PR1 type. The basictype PR1 (pI at 8~10) significantly enhance antimicrobial and stress resistance (Li et al., 2011) and play a role in signal transition of host defense response (van Loon and Van Strien, 1999; van Loon et al., 2006) . PsPR1 sequence showed homology to the sequences from the other plants and belonged to the basic-type of PR1, which may explain its antifungal activity and critical role in the poplar defense response. The Gns proteins with pI 6.2 and 8.2 were encoded by multiple-genes, and were involved in resistance and development (Kini et al., 2000) . The Gns gene sequence was conserved between PsGns and Gns from other species, which suggests its similar role in hydrolyzing the fungal cell wall and eliciting the defense response (Veluthakkal and Dasgupta, 2010) . Therefore, PsGns with pI 7.32 was expected to be involved in the host resistance to the fungus. P. trichocarpa are reported to contain 42 TLP genes with diverse expressions in leaves infected with Melampsora spp (Rinaldi et al., 2007; Miranda et al., 2007; Azaiez et al., 2009; Petre et al., 2011) . The length and physicochemical properties of the deduced proteins of PsTLP1 (245) and PsTLP2 (225) were consistent with most of the P. trichocarpa TLPs (~205-288 aa) (Zhao and Su, 2010; Petre et al., 2011) . However, there were differences in the properties, such as pI, between PsTLP1 and PsTLP2 as well as different phylogenetic classification (in two groups). PsTLPs contain 16 conserved cysteine residues, similar to the large type of TLPs, compared with the small TLP group that contains only ten cysteine residues (Liu et al., 2010) . According to the conserved domain analysis, PsTLP genes from P. szechuanica belong to the GH64-TLP-SF superfamily. The conserved positions (cysteine), domains (TLP-PA) and motifs (REDDD) of PsTLPs may assist in predicting their function with regard to antifungal property, namely hydrolysis of β-1,3 glucan, which is usually found in fungal walls (Grenier et al., 1999; Petre et al., 2011) . As PAL and HAL catalyze the conversion of L-phenylalanine to E-cinnamic acid and L-Histidine to E-Urocanic acid, respectively, the presence of PAL_HAL domain in PsPAL may suggest its role in the phenylpropanoid pathway (Baedeker and Schulz, 2002; Calabrese et al., 2004) .
Previous studies reported that expression levels of some defense-related genes vary among different organs, and DR genes were specifically expressed in certain organs of plants in response to biotic or abiotic stresses (Kao et al., 2002; Tachi et al., 2009) . PsPR1, PsTLP1, PsTLP2, and PsPAL are observed to be up-regulated in SL, SP, SNL, and SB of P. szechuanica infected by MLP isolates Sb 052 at ~3-7 or 18 dpi (Figure 6 ), suggesting that the expression of these genes was triggered not only in the inoculated leaves but also in the other organs of the infected poplar plants, and this induction might help to enhance the resistance of the whole plant to MLP.
As established from earlier reports, four of 12 PR1 genes were expressed at high levels in the roots with varying expression in the other organs of the healthy plant (Mitsuhara et al., 2008) . Interestingly, we observed that the PsPR1 was also highly expressed in the roots than in the other organs of the uninfected P. szechuanica plant on 0 dpi, suggesting that the PsPR1 is probably involved in root development (Figure 6 ). PsGns expression level in the organs of the uninfected P. szechuanica plant was similar to that of the major Gns genes, usually not expressed in the roots or stems and with lower level of expression in the leaves and buds of healthy plants (Veluthakkal and Dasgupta, 2010) . PsPAL expression was abundant in the roots and top buds of the uninfected P. szechuanica plant, which was in conformance with results in Arabidopsis, and is possibly because the phenylpropanoid pathway is more active in the cells of roots than in other organs (Raes et al., 2003) .
In this study, the expression levels of five PsDR (including PsPR1, PsGns, PsPAL, PsTLP1, and PsTLP2) genes in poplar leaves were markedly higher in the incompatible interaction than in the compatible interaction at most of the time points, indicating the PsPR genes were involved in the defense-related response. The PsDR genes expression levels peaked at ~0.5-1 or 2 dpi in the leaves of incompatible interaction (Figure 7) . It was observed that, during the infection, hyphae of MLP extended into the palisade mesophyll at ~1-2 dpi, we deduced that the high expression of PsPR at approximately the same time might be related to the basic defense, which resulted in the significant difference in the fungal biomass between the compatible and incompatible interactions (Rinaldi et al., 2007 ; Hacquard et al., 2011) . In the incompatible interaction, programmed cell death of the host cells, accumulation of monolignols, and hypersensitive response (HR) around infection sites were observed after ~1-2 dpi, accompanied by strong plant defense reaction (Rinaldi et al., 2007; Azaiez et al., 2009 ). In our study, the second peak of PsPR expression was observed at 4 or 7 dpi in the leaves of plants with the incompatible interaction, which may indicate strong defense response at ~4-7 dpi. Although the functions of PR1 genes are not fully understood, some PR1 proteins were reported to possess antifungal activity against pathogens such as Phytophthora infestans (Alexander et al., 1993) . Moreover, antifungal mechanisms of Gns and TLP genes were reported to be membrane permeabilization, β-glucan binding, and degradation, and inhibition of enzymes such as xylanases, α-amylase, or trypsin (Min et al., 2004; Fierens et al., 2009) . Poplar PAL was encoded by multiple genes with diverse sequences and expression patterns in response to biotic and abiotic stresses (Hamberger et al., 2007; Vanholme et al., 2010) . In this study, PsPAL expression level was dramatically up-regulated from 1 to 2 dpi, and peaked at 2 dpi in SL, which was concordant with increase of PAL activity at 2 dpi in P. szehucanica in response to MLP (Chen et al., 2010) . According to earlier reports, several genes of the phenylpropanoid pathways were induced at 2 dpi in inoculated leaves, and monolignols were strongly accumulated at 2 dpi in the incompatible interaction (Rinaldi et al., 2007) . Thus, the PsPAL up-regulation in SL was considered to be associated with the deposition of lignin that strengthen the cell wall, and induction of secondary metabolic products that directly impeded the fungal growth or even killed the fungus in the poplar leaves. Therefore, the highly expression of these PsDR genes in the leaves of plants having incompatible interactions indicated that the PsDRs possess potential antifungal functions in the defense response to the rust fungus MLP.
